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environmental TOBACCO SMOKE IN COMMERCIAL 

AIRCRAFT 
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Lee D. Hansen and Edwin A. Lewis 

Department or Chemistry. Brigham Young University. Provo. UT 54602. U.S.A. 

|R eeeived for publication 26 February 1992) 

Aterrici—Enviranmemal tobacco smoke and other pollutants present in both smoking and nonsmoking 
cabin sections dunitg commercial passenger Eights on DC-lC aircraft were determined on four, 5-h smoking 
flights. The average concentrations of nicotine 3-ethenyipyndine, CO,. CO. NO,. NO,. O,. PM25 and 
environmental tobacco smoke panicles during a flight were determined with a briefcase sampling system. 
Concentrations of nicotine. 3-eihenylpyndire and CO as well as temperature humidity and pressure were 
determined is a function of time during the flight. A mode] to predict penetration of environmental tobacco 
smoke from the smoking to rhe nonsmoking section of the passenger cabin under a variety of flight 
conditions is derived from the data. 

Key word index; Environmental tobacco smokelETSl. aircraft, nicotine. 3-ethenyipyndine. UV.PM. CO. air 
quality, dispersion mode;. NO,, Briefcase Automated Sampling System fBASS). PM2.5. 


INTRODUCTION 

Determination of the concentrations of environmental 
tobacco smoke tETS) in various, indoor environments 
has been emphasized during recent years because oi 
the suspected health hazards and irritant effects asso¬ 
ciated with exposure to ETS. Various indoor environ¬ 
ments where ETS may be present, e.e. homes (Eatough 
et a/.. 1989a: Henderson ti at., 1987|, restaurants (Eudy 
et at.. 1987. Hammond and Coghiin, 1987) and work 
environments f£a io ugh e : a/., 1989a; Hammond and 
Coghiin, 1987, Hammond et at.. 1988; Vaughn and 
Hammond. 1989) have been studied. There has been 
an increased interest in delcrmitung exposure to ETS 
in commercial aircraft by quantifying the concentra¬ 
tions of pollutants associated with ETS. determining 
the factors which control the concentrations of ETS 
present in nonsmoking sections of passenger cabins 
and developing models for predicting exposure. 

Smoking-on commercial aircraft has been a debated 
issue A National Academy of Sciences report (NAS. 
1986) recommended banning smoking on all com¬ 
mercial flights for the following reasons: minimization 
of in-nation, reduction of health risks and fire hazards, 
and to bring levels oT pollutants in cabin air in line 
with those in other indoor environments. In April 
1988, the U.S. Congress enacted a lemporary law 
banning smoking on lit flights or 2 b or less. In 
February 1990, a new Jaw went into effect which 
banned smoking on domeslic U S. airline flights 
shorter than 6h. Similar legislation is in effect in 
Canada. 

Several studies have determined the concentrations 


of ETS components present tn commercial aircraft 
cabins Concentrations of nicotine present tn the cabin 
environment in a number of commercial aircraft 
flights (Oldaker and Conrad. 1987; Nagda « af. 1990; 
Mattson et at.. 1989; Muramatsu et of. 1987) have 
been reported. The exposure of airline flight attend 
ants (Mattson et of.. 1989; Foiiart et af, 1983) and 
passengers (Eatough et af., 1990a; Mattson et at.. 1989} 
to environmental tobacco smoke has beep estimated 
from measurements of nicotine and cotimne m urine. 
Ofdaker er at. (1990) have reported the concentrations 
of nicotine, R5P and UV-PM oa several Jong, com¬ 
mercial flights using a portable air sampling system. 
Similar sampling systems were used to determine the 
concentrations of nicotine, CO and JtSP at four 
locations in the passenger cabin of flights on MD-80 
aircraft (MaJmfors et at.. 19B9) and on a variety of U.5. 
flights (Nagda et a)., 1990). The latter three studies are 
the only studies reported to date which have at¬ 
tempted to.conelaie the concentrations of nicotine tn 
the passenger cabin of commercial aircraft with the 
concentrations of other constituents of environmental 
tobacco smoke, Lofroth et of. (1988) have measured 
the mutagenicity of particles collected during air 
travel in nonsmoking sections. Concentrations of RSP 
or NOi have also been determined in a limited 
number of experiments in cabin environments with 
segregated smoking and nonsmoking sections (NAS. 
1986). 

Most of the studies have used nicotine as the .tracer 
to quantify exposure However, exposure calculations 
based only on nicotine will underestimate total expos¬ 
ure to ETS since nicotine is removed from indoor 
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environments at rates faster than other species associ¬ 
ated with ETS (Eatough e: a:.. 1990b: Tang et a/., 
1989). 

We have measured a variety of compounds associ¬ 
ated with ETS as well as several non-unique species 
(such as PM2.5 and CO) in both smoking and non¬ 
smoking sections of aircraft cabins. The spectrum of 
species and aircraft sampled is intended to provide a 
database for the development of models for the predic¬ 
tion of ETS concentrations in aircraft cabins under a 
variety of conditions. This paper presents the results 
obtained from a series of DC-10 flights. 

METHODS 

Saunphnc equipment and analysis methods 

Data were collected by Tour volunteers using Briefcase 
Automated Sampling Systems (BASS) (Eatough ti al., 
1989bi. The inlet to the BA5S was a Teflon tube located at 
about breathing height and fastened to the seat in front of the 
volunteer. The tune led to the BASS located under the seat in 
front of the volunteer The inlet tube was connected to a 
Teflon cyclone lUmversity Research Glassware) with a 
2.5 pm panicle size cut for coarse panicle removal. Follow¬ 
ing the cyclone was a Teflon-coated manifold from which the 
various systems in the BASS sampled the cabin air. Each 
BASS used two dual Spectres Model A-JOO vacuum pumps 
powered by rechargeable Ni-Cd batteries. Real-time data 
collection and sample system control was done by a micro¬ 
processor. Row through the various systems was controlled 
by an adjustable critical orifice after each system. A complete 
description of the sampling systems used in the BASS has 
been pven (Eatough er at 1989b). A bnef description of each 
system used to determine the concentrations of the species 
reported in this paper follows. 

System 1. .A 3-mserc>n Teflon membrane Biter (Teflo. 
Gelman Sciences! was used to collect particles for the gravi¬ 
metric determination of panicle concentrations. Air was 
drawn through the system at a nominal rate of 8 sLpm. 

System 2. Two mini-annular denuder settlors (Koutrakis 
et aU 1989) coated wjtfc benzenesuifomc acid (BSA) for 
collection of gas-phase nicotine and 3-ethenylpyridine iCaka 
rt oL !990) were followed by a 1 -micron Teflon BJter (Zefluor, 
Gelman Sciences) for collection and determination of nico¬ 
tine (Eatough et of., 1989c) and UV-PM (Carson and Erik- 
son. 1988: Oldaker et a!., 1990) Following the Teflor filter 
was a BSA saturated filter for the collection of any nicotine 
lost from particles during sampling (Caka et al., 1990; 
Eatough er al.. 1989c) Air was drawn through the system at a 
rate of 2 sLpm. 

All sampling components in system 2, with theeiceplion of 
the Teflon filter, were extracted with water and the extracts 
analysed by ion chromatography for nicotine and 3-e'.hcoyl- 
pyndine (Lewis et al., 1990). The Teflon filter was extracted 
with methanol, with half of the extract analysed for UV 
absorbance using a spectrophotometer to determine UV-PM 
(Carson, 1988). and the oiher half analysed for nicotine by ion 
chromatography (Lewis et al . 1990). 

System 3. The air distribution manifold of the BASS 
contained ports for sampling through Tenax microtube 
samplers (Eatough er at.. 1990b; Caka et al., L990), Each 
microlobe was sequentially switched into the sampling line 
during a flight The selection of each tube for sampling was 
controlled using solenoid values. Air flow was controlled at 
0.1 sLpm using a variable micro-orifice. The nicotine and 3- 
eihenylpyridine collected by selected microtubes were deter¬ 
mined using capillary Column chromatography as previously 
described (Tang et aL 1988). 


SVJfrvi i. A ier.es of sorbent lubes ‘Drager- were used to 
determine the average concentrations of CO : , CO. NO,, 
NO. and O, during a flight. Air was drawn through each 
tube at 0.2 sLpm except for the 0 3 Drager tubes which were 
sampled at 0.5 sLpm. Concentrations were read directly from 
each tube following each fiighi. The readings were converted 
to a flight-integrated concentration using the sample flow 
rate and sampling dine. The COi,CO and NO, Dragertubes 
were calibrated in chamber experiments using freshly gener¬ 
ated environmental tobacco smoke by comparing the results 
obtained with those o btained using gas monitors (Eatough et 
al., 1990c). 

System 5. A total of five instruments were used to make 
real-time measurements in the BASS. Real-time monitors for 
temperature, pressure and humidity (Omega Model HX9i 
and 14LPC18A) were located near the air exit ports m the 
side of the BASS for two of the instruments The concentra¬ 
tions of CO and CO, were determined continuously in two 
BASS instruments during some or the flights using CO 
electrochemical sensors (Neurronics. OTOX Sensor! and a 
micro COj combination electrode iMicToelectrodes Inc.. 
Model MI-270). Both chemical sensors measured ihe concen¬ 
trations or the target gas in a flowing air stream from the 
central mintfold at a flow rate of about 0.03 sLpm. The CO 
sensors were housed in an H 2 0 permeation chamber de¬ 
signed to introduce H 3 0 vapor to the membrane to avoid 
drying out of the sensor membrane. The concentrations of 
CO determined in chamber experiments using the real-time 
sensor, a CO Drager tube and ihe IR instrument on the 
30 m 3 Teflon chamber were in agreement (Eatough er al„ 
1989b) 

Sampling protocol 

Four volunteer honsmokers participated in four DC-10 
flights. Each volunteer earned one BASS and was seated in 
ibe rear passenger cabin which contained the economy class 
smoking section at the rear of the aircraft The location of the 
subjects In each flight is given in Table 1. All flights were 
about 5 h in length. Flights t and 3 and flights 2 and 4 were 
the same origination and destination, however, a different 
aircraft was flown for each flight Prior io each flight the 
BaSS batteries wen charged to ensure maximum power 
throughout the flight and flow calibrations were done on 
each system using calibrated rotameters. Once aboard the 
aircraft sampling was begun after take ofl when the no- 
smoking sign was turned off. Sampling was concluded when 
the no-smoking sign was turned on prior to landing. Smok¬ 
ing activity wu observed and recorded by ihe person is the 
smoking section- At the conclusion of the flight ail cigarette 
butts at each scat in the smoking section ashtrays were 
counted. At the conclusion of each flight flow calibrations 
were once again done on each system in the BASS Samples 
were recovered and stored at 0“C until analysed 


RESULTS AND DISCUSSION , 

The flight-averaged concentrations of the various 
species measured for samples collected in tbc smoking 
and nonsmoking sections during the four DC-10 
flights are given in Table 2. Changes in the temper¬ 
ature, humidity, pressure and frequency of smoking 
during a typical flight are shown in Fig. 1. Changes m 
the concentration of 3-ethenylpyridine measured over 
25-min intervals during a flight with heavy smoking in 
the smoking section and four tows in front of the 
smoking section as a function of the frequency of 
smoking during the time of sample collection are 
shown in Fig. 2. The frequency of smoking for the data 
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Table 1. Location of the various persons responsible for collection of samples on cacti 

light 


Flight no. 

Smoking section 

So. o( cigarettes 
lacked during flight 

Subject 

Seat 

1 

rows 34-37 

115 

I 

35 D 




n 

1?D 




iii 

34 G 




rv 

32 J 

2 

rows 34-37 

32 

i 

33 a 




n 

24 C 




hi 

33 C 




IV 

34 C 

3 

rows 32-37 

218 

1 

30 D 




II 

31 F 




III 

26 F 




IV 

32 F 

4 

rows 34-37 

76 

I 

35 D 




II 

29 C 




III 

33 D 




IV 

24 F 


Table 2. Concentrations of environmental tobacco smoke constituents in the smoking section ofDC-|0 cabins during a 4-5- 
h flight- The subjects (or each flight arc ia order of increasing distance from the smoking section 


Flight. 



Gaseous 

Particle 

3-Ethenvl 




UV-PM 

PM2.5 

nicotine 

nicotine 

pyridine 

CO 

NO, 

NO, 

su bject 

Uigm' J ) 

M 

3 

tnmoJm" *1 

tnmoltrT 1 ) 

(nmol rn' 1 ) 

(ppm) 

(ppb) 

(ppbl 

U 

NA’ 

202 

345.6 

0.0 

33.1 

0.79 

30 

4 

UII 

na 

203 

224.1 

0.0 

10.0 

0.14 

22 

2 

l.fv 

NA 

32 

154 

00 

1.1 

0.26 

7 

1 

IJI 

NA 

16 

0.1 

0.0 

0.0 

0.19 

7 

0 

11V 

NA 

75 

84.3 

00 

4.3 

0.30 

7 


irn 

NA 

29 

39.2 

0.0 

1! 

0.19 

7 

0 

if 

NA 

85 

784 

0.0 

4.3 

0.20 

7 

2 

in 

NA 

33 

0.1 

00 

0.0 

NA 

Na 

NA 

3.IV 

360 

NA+ 

471.6 

3.1 

20-2 

1.94 

36 

0 

3JI 

251 

213 

305.5 

-1.2 

13.9 

1-29 

25 

l 

3.1 

144 

118 

1238 

3.4 

8-0 

0.54 

22 

0 

3.III 

34 

56 

204 

5.4 

15 

0.16 

8 

1 

4.1 

113 

140 

128.6 

-1.2 

5,6 

0.96 

25 

: 

4,11! 

48 

S3 

35.8 

-1.1 

1.6 

1.05 

8 

0 

4.11 

14 

45 

6.5 

5.7 

1.0 

0.68 

0 

0 

4J V 

8 

40 

J.2 

00 

0.3 

0.79 

IQ 

0 


* NA - not analysed. 

+ Assumed equal to t/V-PM plus background PM25 in the data analyses. 


in Fig. 2 is given as the equivalent number of cigarettes 
pet seat in the smoking section over the enure Sight to 
allow direct comparison with the flight-averaged con¬ 
centrations. The variation of the background correc¬ 
ted (Table 3), flight-averaged concentrations of the 
species measured with scat location is illustrated in 
Fig. 3. The background concentrations of PM2.J. CO 
and NO, were either determined from measurements 
made remote from the smoking section or from linear¬ 
ization of plots such as that shown in Fig. 3. Complete 
data for the four flights are availahie (Eatough ei oL 
1990c I. 

Ventilation in a DC-10 (NAS, 1986) is controlled by 
three air cycle machines which introduce fresh air 
equally along the length of the cabin. The air is then 


exhausted at the same longitudinal distance that it was 
introduced with no air recirculation. Ventilation was 
operated at maximum and was about the satne (re¬ 
ported to be 30 air changes per hour) for each of the 
four flights. The flight-averaged concentration of en¬ 
vironmental tobacco smoke constituents in the smok¬ 
ing section of each flight should then be controlled by 
the number of cigarettes smoked and the size of the 
smoking section. 

The observed flight-integrated concentrations of 
environmental tobacco smoke species |n the smoking 
section were directly dependent on the number of 
cigarettes smoked per seat in the smoking section 
(Fig. 4). The regression lines in Fig. 4 include the 
origin, consistent with the hypothesis that non- 
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Fig. I. Variation wiiji time of the temperature, pressure, 
humidity and number of cigarettes smoked m a 15-man 
interval dunng flight 3. 
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Fig 1 Variation in the concentration of 3<thenylpyn- 
dine at a smoking section and nonsmoking section seat 
»nth the frequency of cigarette smoking m the smoking 
section for 25-rmn sample collection dunng flight 1. The 
frequency of smoking has been given as an equivalent 
enure flight frequency to allow direct comparison with 
the flight integrated data. 



ETS sources of the various constituents have been ac¬ 
counted for. The concentration of nicotine for the 
flight with 2.7 cigarettes smoked per seat is a statistical 
outlier and is not included in the calculation of the 
regression lines given in Fig. 4. The concentrations m 
the smoking section per cigarette per seat during the 
flights averaged (arithmetic mean values throughout 



Rows from Smoking Section 


Fig. 3. LogfCVCj, where C D is rhe concentration in the 
smoking section, both C and C„ corrected for the back¬ 
ground concentration, vs number of rows from the smoking 
section into the nonsmoking section for flight 3. 


500 
J 400 
f 300 

C 

S 200 

c 

V 100 
0 

0 1 2 3 4 5 

Cigarsttaa/Seat 

Fig 4 Concentration of nicotine. UV.PM. CO and 3- 
ethenylpyndine in the smoking section of DC-10 aircraft 
dunng 5-h Sights as a function of the number of cigarettes 
smoked per seat in the smoking section during the flight. 



the text) 64± 7 sig PM2.5 in' 1 , 86+ 10 nmol nicotine 
in’ 1 . (14±2 pg nicotinem ' 3 ) 5.3 +1.7 nmol 3-ethen- 
ylpyridmem' 1 , 0.35 + 0.04 ppm CO and 6.3 + 0.2 ppb 
NO,. From the slopes of the regression lines in Fig, 4, 
ratios of UV-PM mass, nicotine, 3-ethenyipyndrce 
and NO, to CO present in the environmental tobacco 
smoke in the smoking sections are calculated to be 4.4 
+ 0.5 g UV-PM per mol CO, 27 + 3 mmol NO, per 
mol CO, 6.5 + 0.5 mmol nicotine per mol CO and 0.37 
+ 0.05 mmol 3-ethenylpyridine per mol CO. These 
ratios are comparable io the expected ratio of 4.2 
±0.8 g UV-PM per mol CO and 39 + 4 mmol NO, 


Table 3. Background concentrations in DC-10 cabins during 4-S-h flights with smoking permitted 


Flight 

UV-PM 

Cugm'*) 

PM2.5 

(pgm' 5 ) 

Nicotine 

inmolm' 1 ) 

3-Ethenyl 

pyridine 

(nmclm* 1 ) 

CO 

(ppm) 

NO, 

(ppb) 

CO, 

(%) 

o, 

(ppb) 

1 

NA* 

16 

<1 

<1 

0.2 

7 

0.17 

<2 

2 

NA 

32 

< l 

<1 

0.1 

7 

0.11 

. 15 

3 

<3 

29 

<1 

<1 

0.0 

6 

0 13 

<2 

4 

<} 

35 

<1 

<1 

0.6 

6 

0.21 

20 

Average 

<1 

23 

< 1 

<1 

02 

7 

0.15 

9 


•NA-not analysed. 
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per mol CO. but sraailer than :he expected ratios of 
12.8 — 4.0 mmol nicotine per mol CO and 1.4 
-O.i mmol 3-etbenylpyndine per mol CO, based on 
the composition of fresh sidestream tobacco smoke 
(Eatough -er a!.. 1990b). However, the ratio of 3- 
ethetivlpyndine to CO in the aircraft cabins is com¬ 
parable to that found in tndoor environments where 
smoking is present. 0.34-0 10 mmol 3-ethenylpyn- 
dine per mol CO (Eatough er al„ 1989al ana in an 
experimental chamber with environmental tobacco 
smoke generated by smokers. 0.89 ^0.10 mmol 3- 
ethenylpyridine per mmol CO ICaka ei at., 19911. The 
ratio of nicotine to CO in the aircraft cabins is higher 
than that found in these same indoor environments, 
0.9 ^0.4 mmol nicotine per mol CO (Eatough er aL 
1989a) or in a chamber with smokers. 3.0± 1.0mmol 
nicotine per mol CO fCaka er a!., 1990; Ldfroth er at., 
1989 k. 

The expected absolute concentrations of these 
species may be estimated from the known number of 
cigarettes smoked, expected sidestream emission per 
cigarette smoked (Eatough er aL, 1990b), volume Of the 
smoking section and air exchange rate in the cabin. 
For example, for flight 3. the flight with the highest 
smoking frequency and the observed highest concen¬ 
trations of environmental tobacco smoke consti¬ 
tuents, the expected Bight-integrated concentrations 
of nicotine, UV-PM and CO in the smoking section 
are calculated to be 840- 200 nmol nicotine per m ‘ J , 
300 ±75yg m~ 5 and 1.6*0.4 ppm CO, respecuvely. 
These predicted concentrations can be compared to 
the measured concentrations of 472 nmol nicotine 
m' 3 , 360 yg UV-PM m “ 3 and 2.2 ppm CO, respect¬ 
ively. The measured concentrations of UV-PM and 
CO are m reasonable agreement with the calculated 
concentrations. However, the measured concentration 
of nicotine is about half the predicted concentration. 
All of these data are consistent with the rapid removal 
of nicotine tn an indoor environment (Eatough et at., 
1990b; Tang et at.. 1989) For example, in studies in the 
chamber at the U.S. Environmental Protection 
Agency (Lofroth, 1989) the ratio of PM2.5 to nicotine 
in environmental tobacco smoke in the empty cham¬ 
ber was 3.0 g PM2.3 per g nicotine, a ratio consistent 
with the value obtained for sidestream smoke (Ea¬ 
tough er at., 1990b: Guerin et at., 1987) and in men 
chambers (Eatough et at., 1989c; Benner er at., 1989; 
Thompson et at., 1989). When the chamber had people 
m it with a small air exchange rate, the measured ratio 
was 13 g PM 2.5 per g nicotine. The ratio measured in 
the smoking section of the aircraft cabin with a high 
air exchange rate, 4.9 ±0.8 g PM2.5 per g nicotine, is 
between these two values. 

The concentrations of NOj in the cabin environ¬ 
ments were always a small fraction of the total NO,, 
e.g. results given in Table 2. The ozone data suggest 
that there are reactive compounds present in the 
environmental tobacco smoke in the passenger cabins. 
The concentration of ozone tends to decrease as the 
_ concentration of environmental tobacco smoke con- 


* - UV-PH MtlOH Otw« 

***/«' MM/*' tM 


CL 



Rows from Smoking S«ciion 

Fig. 5. Variation in the concentrations of UV-pM. nicotine 
and f> 2 cne as a function of seat location for flight 4 . 


stituems increases with location in the cabin as illus¬ 
trated by the data in Fig. 5. This same effect was seen 
in all the flights (Eatough ez at., 1990c), 

Penetration of environmental tobacco smoke 
constituents from the smoking into the nonsmoking 
section of the aircraft will be controlled by the rate of 
diffusion of gas-phase compounds between the two 
sections and by the rate of mixing of air along the 
length of the aircraft perpendicular to the exhaust 
gradient. The rate of penetration of gas-phase com¬ 
pounds into the nonsmoking section will only be 
greater than the rate of penetration of paniculate 
phase species if diffusion is a more important process 
than mixing. Both of these processes should be de¬ 
scribed by first-order exponentials and a plot of the 
log of the concentration of a species vs distance from 
the smoking section should be linear. If there are other 
sources of any of the measured environmental tobacco 
smoke constituents other than in the smoking section, 
the plot will show a positive deviation from the 
expected linearity with distance, e g. a less positive 
slope. Background corrected first-order penetration 
plots for the various species measured in flight 3 are 
shown in Fig 3. Similar results were obtained for the 
other flights as shown for all species except nicotine in 
Fig. 6. 

The data in Figs 3 and 6 follow the expected linear 
decrease in the log of the concentration (normalized to 
the concentration measured in the smoking section, 
Cj. Results on the rate of change of log(C/C,) with 
distance into the smoking section for all species for all 
four flights are given in Table 4. The results given in 
Table 4 are calculated using background corrected 
concentrations (Table 3). Correction of the data in the 
nonsmoking section for background concentrations 
was only important for PM2.5, CO and NO,; com¬ 
pare the dam in Tables 2 and 3. The calculated rate of 
penetration of ETS components into the nonsmoking 
section. Table 4, falls into three groups: 

I. The nicotine concentration decreases most rapidly 
with distance. Nicotine in the cabin environment 
(Table 2) is predominantly in the gas phase. The 
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F*ow« from Smoking Section 

Fig. 6. LoglC.'CJ, where C, is the concentration in the 
imuking section, both C and C„ corrected for the back¬ 
ground concentration, vs number of rows from [he non¬ 
smoking section into the smoking section for ail species but 
nicotine and for nicotine for al! flights. The regression lines 
are given for nicotine only and for all other species 


rapid decrease in gas-phase nicotine with distance 
from the smoking section parallels the concentra¬ 
tion of nicotine in the smoking section being less 
than expected compared to other constituents of 
environmental tobacco smoke and can be attribu¬ 
ted to the more rapid removal of gas-phase nicotine 
by surfaces in the cabin (Tang et ai.. 19891. 

2. The compounds with intermediate rates of concen¬ 
tration decrease with distance from the smoking 
section are UV-PM, 3-ethenylpyndme and. for 
flight 3 with high concentrations of environmental 
tobacco smoke. CO. 

3. The data for PM2.5 and NO, in all flights and for 
CO in flight 4 with the lowest concentrations of 
environmental tobacco smoke give more positive 
slopes than the compounds listed in (2|, unless the 
data are corrected for background concentrations. 
If the PM2.5, NO, and CO concentrations are 
corrected for background concentrations, the rate 
of penetrations of these species into the nonsmo¬ 
king section is comparable to that seen for UV-PM 
and 3-ethenylpyridine. The data from all the flights 
give an average background, non-ETS concentra¬ 


tion of 27 —S ug PM2.5 m J , 0.2*0.2 ppm CO, 7 
Z 1 ppb NO, and 9 — 9 ppb Oj in the cabin envir¬ 
onment, see Table 3. We postulate that the back¬ 
ground source of CO, NO, and O a is from the 
ambient air. The data indicate that the Sight with 
the hignest concentrations of non-ETS CO was 
flight 4. This was also the flight with the highest 
concentrations of ozone in the nonsmoking sec¬ 
tions of the aircraft see Fig. 5. 

The slopes of the various log(C,'CJ vs distance from 
the smoking section plots. Table 4, are a measure of 
the degree of penetration of environmental tobacco 
smoke constituents from the smoking into the non¬ 
smoking sectmn. These slopes were the same for all 
flights (Table 4 and Fig. 6). In addition, for all flights 
where data were available, the rate of penetration of 
PM2.5 (background corrected), UV-PM, 3-ethenvl- 
pyndine. CO (background corrected) andor NO, 
(background corrected) were generally the same, in¬ 
dicating that mixing is a more important variable than 
gas diffusion in determining the rate of penetration of 
environmental tobacco smoke from the smoking into 
the nonsmoking section. 

The rate of decrease in the concentration of nicotine 
with distance into the smoking section was greater 
than the rate of decrease of the concentration of 
PM2.S. UV-PM. 3-ethenylpyridme. CO and/or NO, 
for all flights except flight 2, the flight with the lowest 
concentration of environmental smoke. The large 
uncertainty in the slope calculated from the nicotine 
data for flight 2 results from an apparent outlier. If this 
point is deleted, the calculated slope is -0.29±0,01. 
Using this value for flight 2, the slope of the plot of log 
(C/C J vs distance from the smoking section is calcu¬ 
lated to be more negative for nicotine than the average 
slope for the other species by a factor of 1.2 to 2.3 (see 
Fig. 7 ]; The selective removal of nicotine by the 
surfaces in the cabin increases with decreasing total 
smoking in the nonsmoking section, see Fig. 7. 

Limited data were obtained on the concentrations 
of 3-ethenylpyridine and nicotine as a function of time 
during a flight. The data given in Fig. 2 were obtained 


Table 4. Minus the rate of change of log (C/C Q ) for background corrected environmental tobacco smoke components per row 


Fbghl 

UV-PM 

PM2.5 

Nic fir 

J-EtPyt 

CO 

NO, 

Flight 

avenge? 

1 

na§ 

0.25+0.05 

0.31+0.04 

032 ±0.03 
(0.22 ±0.03)1 

0.23 

0.1 

0.22+0.02 

2 

NA 

0.16 + 0.02 

0.18 + 0.11 
(0.29±0.01)*| 

ois±o.n 

0.19 ±0.01 

NA 

017+0.02 

3 

0.17+0.01 

0,21 +0.03 

023 + 0.0! 

018 + 0.01 

0.19 + 0.02 

018 ±0.01 

0.19±0.0l 

4 

0.16+0.01 

a.i5±a.02 

0.26+0.00 

015 + 0.02 

0.1J±0.00 

NA 

0.15 + 001 


* Niqg) is gas-phase nicotine. 

t J-EtPy is gas-phase 3 •« t hen yf pyridine. 

; The average values do not include the value obtained from the nicotine data for all flights (see teat) nor the value obtained 
from the 3-cthcnyJpyndinc data, for flight !. 
fNA—data not available. 

II Value obtained using the semi-real time data obtained with the Ten ax sampling system. 

* Value obtained eliminating an outlier data point, see text. 
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Fig. 7 Ratio of the slope of logiC.'C,). vs distance from 
the smoking section /or nicotine as a function of the 
number of cigarettes smoked in tbe smoking section 
during the flight. 


from 25-min samples collected sequentially on tie 
Tenax microtubes dunng flight j. The average con¬ 
centration of 3-etbenylpyridine in the smoking sec¬ 
tion dunng the flight obtained from this data, 
nmolm"-*. is in reasonable agreement with that 
determined using rhe denuder sampling system with 
collection at the same seat location over the entire 
flight, 33 nmol m ' i . Nicotine data are not obtained at 
this location. The concentrations of nicotine at a seat 
four rows in front of smoking determined from the 
semi-rea! time Tenax, 18 nmol tn" 5 and integrated, 
13 omolm' J sampling systems, agreed. The concen¬ 
trations of 3-ethenylpvndme determined using the 
Tenax sampling sysiem give a value for the rate of 
change of logtC-'C,) of — Q.22 ±0.05 per row, in agree¬ 
ment wuh that obtained from the data for the other 
ETS components (Table 4), Tbus, both the absolute 
concentration of ETS species in the smoking section as 
a function of the amount of smoking occurring and the 
rate of penetration of these species into the non¬ 
smoking section obtained from 25-min sampling is the 
same as that obtained from samples collected over the 
various 5-h flights. The time required for concentra¬ 
tion equilibria to be established tn the passenger cabin 
is short compared to the flight time. 


SUMMARY 

The concentration of most environmental tobacco 
smoke constituents in the smoking section of an 
aircraft cabin can be calculated from the frequency of 
smoking during a flight, the size of the smoking section 
and ventilation rate. The concentration of nicotine 
will tend to be overestimated in this calculation due to 
selective loss of nicotine to cabin surfaces. The concen¬ 
tration of some constituents (e.g. PM2.5 and CO) may 
be underestimated in the calculation due to contribu¬ 
tions of non-ETS sources to these species. CO and 


NO, as well as ozone, may be introduced to me 
aircraft cabin from the tnie: air. The rate of penetra¬ 
tion of environmental tobacco smoke constituents 
from the smoking section into the nonsmoking section 
follows a first-order rate law The rate of penetration 
was consiant for tbe various DC-10 aircraft flown in 
this study. The expected rate of decrease in the concen¬ 
tration of various constituents with distance into tbe 
nonsmoking section can be altered bv selective re¬ 
moval of compounds by cabin surfaces (e.g. nicotine) 
or by the presence of non-ETS sources of some species 
in the nonsmoking section (e.g. CO. PM2.J or NOj. 
Additional data are needed to determine what variab¬ 
les control the first-order penetration of environ¬ 
mental tobacco smoke constituents from the smoking 
to the nonsmoking sections of a variety of aircraft. The 
model developed in this paper has been successfully 
applied to other data sets fEatough ei ah, 1990c; 
Malrafors er a/., 1989; Oldaker er ah, 1990). Manu¬ 
scripts describing this extension of the concepts pre¬ 
sented here are being prepared for publication. 
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